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1. Introduction 


Nowadays, miniaturization is a general challenge for technology. Researchers in science and 
technology claim to study ever smaller systems and develop ever smaller devices. The 
nanometric range is, at present, an important focus of attention of scientists and engineers 
following the famous prediction by Prof. Feynman: "There's plenty of room at the bottom". 
Reduction of dimensions, at this level, involves that more specific and more complex tools 
are needed. 


Light has appeared as a convenient solution for these tasks because of its wavelength 
(hundreds of nanometers) and the large amount of information it contains about systems 
with which it interacts (Prasad, 2004). The interaction of light with small systems, either 
particles or structures, gives rise to several scattering phenomena which are strongly 
dependent on both the characteristics of the incident radiation (frequency, polarization) and 
those of the object (size, shape, optical properties). These interactions can be used either to 
obtain information about the interacting object (e.g. particle sizing) (Zhu et al., 2010) or to 


“an 


produce light scattering phenomena “à la carte" by means of suitable nanoobjects. 


At the nanoscopic level, the interaction between an incident beam and a metallic system 
produces an interesting physical phenomenon which is the base of many technological 
applications in diverse fields like medicine, biology, communications, information storing, 
energy transformation, photonics, etc (Anker et al., 2008; Maier et al., 2003). This is the 
excitation of localized surface plasmon resonances (LSPR) (Prasad, 2004). For these, the 
electromagnetic field experiences a high localization in the scatterer and a strong 
enhancement out of the scatterer. 


These advances have stimulated new research devoted to obtain a greater control over how 
light is scattered by these systems. Researchers have analyzed emerging structures (nanoholes 
(Gao et al., 2010), nanocups (Mirin & Halas, 2009), etc). But, what it is more interesting, new 
engineered materials, called metamaterials and whose optical properties can be manipulated, 
have been developed (Boltasseva & Atwater, 2011). The possibility to obtain structures with 
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optical properties "à la carte" allows getting scattering phenomena never observed before in 
natural media, for instance negative refraction (Shalaev, 2008). The main consequences of 
negative refraction are the two interesting potential applications: cloacking (Pendry et al., 
2006) and perfect lens (Pendry, 2000; Nieto-Vesperinas & Garcia, 2003). 


The control over the values of both the electric permittivity and the magnetic permeability 
of an object gives us a control over the way it scatters light, and in particular, the angular 
distribution of the scattered radiation. This control could involve a dramatic evolution on 
the field of nanodevices. For this reason, the objective of this chapter is to analyze 
directional effects on both light scattering and optical forces of a nanoparticle with 
convenient optical constants. The structure of the chapter is as follows: while sections 2, 3 
and 4 are devoted to the directional features on light scattering by nanoparticles, section 5 
summarizes the main results on optical forces. Finally, the most important conclusions 
about these results are recapitulated in section 6. 


2. Light scattering by nanoparticles 
2.1 Mie theory 


The problem of the electromagnetic scattering from an isolated and spherical particle was 
firstly solved in 1908 by Gustav Mie (Mie, 1908). However, this simple system still involves 
interesting physical behaviors that are worthy of further study. 


Mie theory considers a spherical particle of radius a and optical constants given by an 
electric permittivity, &, and a magnetic permeability, 4p, immersed in a homogeneous and 
isotropic medium. This is illuminated by a linear polarized plane wave, as in Figure 1. 
Without loss of generality, we assume that the surrounding medium is vacuum (£s=us=1). 
The scattered electromagnetic field (E, Hs) can be expressed as a multipole expansion of 
Vector Spherical Harmonics (VSH), called Mie expansion, as follows 


oo . 3 
E, = Y E, (ia, NGP, - b Mi) (1) 
n=1 
k Suet N8 3 
H, > m 2 E, (ib, NC * aM ) (2) 
p n=1 
where k=m@/c=m27/4, A being the incident wavelength in vacuum, m- jeju, the 
refractive index of the particle, c the speed of light in vacuum and o the angular frequency 
2n+1 
of the incident wave. E, is defined as E, -Eji" E Bs D’ Eo being the amplitude of the 
n(n+ 


incident plane wave. The series are characterized by the a, and b, Mie coefficients which are 
defined as (Bohren & Huffman, 1983) 
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x being the size parameter, that is defined as 


pm eal (5) 
A 
In addition, j, are the spherical Bessel functions and h, the spherical Bessel functions of third kind 
or Hankel functions. As the electric and magnetic dipolar contributions are weighted by 
coefficients a; and b;, respectively, the quadrupolar ones by a» and b» and so on, Mie 
coefficients a, are associated to the electric part of the scattered electromagnetic radiation, 
while b, are associated to the magnetic one. 


E, 
Fig. 1. Scheme of the geometry of the problem. 


These coefficients contain the relevant information about essential scattering parameters as 
the extinction, Cex, and scattering, Csca, cross sections. These can be written as 


2z — 2 2 
Ca => 2 n 1)(a,| |o.) (6) 
k n=1 
2m 
Coxt ox $ (2n+1)Re(a, +b,) (7) 
n=1 


2.2 Details of Mie theory at the nanoscopic level 


If particle size is very small compared with the incident wavelength, that is a/A<<1, dipolar 
contributions (n=1 in Eqs. (1)- (2)) clearly dominate and Mie coefficients of order higher than 
1 can be neglected. Thus, the Mie expansion can be simplified and the previous parameters 
have simple expressions 
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2 
Csca =a +|b,|")] (8) 
_2n 
Coxe a m Re(a; E bi] (9) 


This is the case of a nanoparticle (a « 50 nm) when it is illuminated by an incident wave in 
the visible or near infrared (NIR) part of the spectrum (42500 nm). 


The predominant dipolar conduct, either electric or magnetic, of nanoparticles is usually 
described by the electric and/or magnetic complex polarizabilities, o; and am, respectively. 
Both can also be expressed as a function of the two first Mie coefficients 


Q = E = a, (10) 


a= m =—~b, (11) 


where 


gl 

a) — 4ra? — (12) 
&p t2 

a, Vado? SP (13) 
My +2 


are the static polarizabilities, defined in the limit ka 20. 


3. Directional effects on light scattering by nanoparticles with 
arbitrary values of cand yu. 


3.1 Kerker's theory 


In the early eighties, M. Kerker and co-authors (Kerker et al., 1983) presented an interesting 
study about the scattering properties, in the far field, of a spherical particle much smaller 
than the incident wavelength, illuminated by a plane wave and without any restriction for 
the values of its relative optical constants (eand yw). Some interesting electromagnetic 
scattering effects were described in this work such as the zero-backward and the zero- 
forward scattering. Although the idea of a magnetic permeability different from 1 in the 
visible range was hypothetical and the described effects were thought to be impossible to be 
observed when the work was presented, the engineered metamaterials have currently 
revitalized these electromagnetic studies (Zhedulev, 2010). 
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In this section, the main theoretical aspects described by M. Kerker et al. are briefly 
reviewed. 


3.1.1 Zero-backward scattering: First Kerker's condition 


When we consider a system, like that of Figure 1, the scattered intensity in the scattering 
plane can be described by means of two polarized components: Ir; and Irm. While Itz 
corresponds to an incident electric field parallel to the scattering plane, Irm corresponds to a 
perpendicular one. These components can be written as (Bohren & Huffman, 1983) 


2 


a? 2n+1 
Ire = —- a,z,+b,t 14 
TE 4ar? Aand nn n n) ( ) 
A- 2n+1 d 
Iry = aT, - b, 15 
TM Agr? 2s n'n n a) ( ) 


where r is the distance from the particle to the observer (27r/4>>1) and 7 and v, are angular 
functions defined in (Bohren & Huffman, 1983). As we are considering a very small or 
dipole-like particle (a 20), only the two first Mie coefficients (a; and bz) are introduced in the 
expressions. In addition some approximations can be applied to these coefficients in such a 
way that the scattered intensity components can be approximated by 


2,6 2,6 
X 2 AX e-1 -1 
Ing = (a +b, cose) =] C) C — coso (16) 
r 4zr E+2 +2 
23 2 A*x® ll e-1 L1 i 
Iry 7 — (a, cos6 b, ) =] C—3cos6* (+) (17) 
4zr 4zr^ | €*2 u+2 


0 being the scattering angle, defined as the angle between the incident and the scattered 
directions (see Figure 1). 


For the backward scattering direction (06=180°) the previous expressions adopt the following 
forms 


2 


"uUam ek a. 
Irg(180 re (SD 22] (18) 
A? 1 i. Y 
oy 6 é H 
Ipy(180 is | Ew "S | (19) 


It easy to observe that when ¢=y, or equivalently when a@=Qm, the scattered intensity in the 
backward direction is zero for both incident polarizations. This is the zero-backward scattering 
condition and we shall call in the following the first Kerker's condition. In Figure 2 the 
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scattering pattern of a dipole-like particle with relative optical properties, €= u = 3 is shown. 
Only a TM polarization is considered because, from Eqs. (18) and (19), the scattered 
intensity is equal for both polarizations under this condition. 
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Fig. 2. Scattering diagram of a dipole-like particle (a = 1064) with relative optical properties 
fulfilling the zero-backward condition and for a TM incident polarization 


3.1.2 Zero-forward scattering: Second Kerker's condition 


For 6-0? (forward scattering direction), Eqs. (16)-(17) become 


2 


"P A P ged 
eae (ee) (20) 
Re -1 -1 à 


In this case, the s—u relation which cancel Irg(0°) and Irm(0°) is not as evident as before. 
However, Kerker et al. (Kerker et al., 1983) demonstrated that this happens when 


4- 
g-— (22) 
2ut+1 
which is equivalent to Re(a)= -Re(a.) and Im(a,)= Im(a,). This is the zero-forward scattering 
condition, that we shall call the second Kerker’s condition. 


It is interesting to highlight that this condition is symmetric. This means that it remains 
invariant by interchanging ¢ and yw. An example of the angular distribution of the scattered 
intensity of a very-small particle satisfying this condition is shown in Figure 3 for a TM 
polarized incident beam (TE polarization produces a similar result). 
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Fig. 3. Scattering diagram of a dipole-like particle (a = 1064) with relative optical properties 
fulfilling the zero-forward condition, (€; 4) = (0.1429; 3), and TM incident polarization. 


3.2 An analysis of Kerker's conditions 


Kerker's theory was developed under the far-field approximation and for the very particular 
case of dipole-like particles for which only the two first Mie coefficients (a; and b;) are non 
negligible. However, as particle size increases or the observer approaches, other multipolar 
terms become important and the directional features, described previously, can be modified. 


3.2.1 Size effects on the directionality conditions 


One of the responsibles for the appearance of multipolar contributions is the size of the 
particle, a. When this deviates from the condition a/A<<1, orders in the Mie expansion 
greater than 1 start to be non negligible. The purpose of this section is to analyze size effects 
on the two Kerker's conditions (García-Cámara et al., 2010a). 


Zero-backward scattering condition can be extended even for large particle sizes. This is 
possible because the 2-4 symmetry of Mie coefficients (Eqs. (3)-(4)) ensures that all the 
electric and magnetic multipolar contributions are equal and with opposite sign at 
backward direction. This produces a destructive interferential effect between both 
contributions for every multipolar order and for a given particle size, a. Figure 4 shows the 
scattering diagrams for several particles with different size (a) and optical properties 
satisfying the zero-backward scattering condition (=u). 


On the contrary, the zero-forward scattering condition is much more sensitive to size effects. 
In fact, as a increases and multipolar terms, other than the dipolar ones, become important, 
the electric and magnetic contributions in the forward direction do not interfere 
destructively anymore, and the zero-forward-scattering tends to disappear. In spite of this, it 
is possible to find pairs (z/ 4) which minimizes the scattered intensity in the forward 
direction. In Figure 5, the distribution of the scattered intensity for spherical particles of 
different sizes is plotted. The values of ¢ and yw, which are included in the figure caption, 
were chosen such that a minimum of the scattered intensity in the forward direction 
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appears. For the smallest value of a, the scattered intensity in the forward direction is 
considerably lower compared to other angles. However, as a increases, this minimum 
becomes less pronounced due to the influence of quadrupolar terms. 


0 m— 20.014 
7 —e— (10.034 
—v— (170.054 


vs 60 


/ 120 


2107 on ie 150 
180 
Fig. 4. Scattering diagrams, in logarithmic scale, for a spherical particle with relative optical 
properties (£; 4) = (-3;-3) and illuminated by a TE-polarized incident light. 
Several particlesizes have been considered. 


In a recent research (García-Cámara et al., 2010a), it was found that these optical constants 
which minimize forward scattering don't follow Kerker's conditions but can be fitted to a 
formally similar expression where fitting coefficients are dependent on particle size. 
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Fig. 5. Scattering diagrams, in logarithmic scale, for a spherical particle illuminated with a 
TE linearly polarized incident beam. For each particle size, optical properties, in the 
negative-negative range, are such that the scattered intensity is minimum in the forward 
direction. In particular, u=-4.55 for every particle size and s=-1.06 (a-0.014), e=-1.07 
(a=0.02A), &—-1.09 (a=0.03A), &--1.11 (a=0.04A) and &--1.13 (a=0.05A). 
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3.2.2 Distance effects on the directionality conditions: From far to near-field 


Kerkers conditions, as have been remarked above, were deduced under the far-field 
approximation, that is (277/4771). If the observer tends to approach (r/As 1), directional effects 
on light scattering are affected. In a recent work (García-Cámara et al. 2010b), it has been 
shown that directional effects on light scattering of nanoparticles with optical properties under 
Kerker's conditions tends to disappear as r decreases. Figure 6 shows the scattered intensity 
measured on a line crossing a nanoparticle (a~0.012) from the backward to the forward 
direction (Z-axis). Figure 6(a) is devoted to a particle satisfying the first Kerker's condition, 
while Figure 6(b) shows the same result when its relative optical constants fulfill the second 
Kerker's condition (eq. (22)). In both cases incident light is P-polarized (an orthogonal 
polarization produces similar results) and the case of a particle with the same value of ¢ and 
4-1 (non-directional case) is also plotted, for comparison purposes. For observation distances, 
120.164, the directionality effects appears through a remarkable drop of the scattered intensity 
in either the backward (Figure 6a) or the forward direction (Figure 6b). However, as the 
observer approaches (130.164), the evolution with the observation distance of the scattered 
intensity of a nanoparticle with directional features tends to that of a nanoparticle which 
optical constants do not satisfied any Kerker's condition. 
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Fig. 6. Scattered intensity by a nanoparticle of radius a=0.01/ and relative optical constants 
satisfying a) the first Kerker's condition (2747-3) or b) the second Kerker's condition 
(2-3; u=0.1429) as a function of the distance from the particle surface in a direction parallel to 
the incident direction. For comparison, we have also included the case of a particle with 
(= 3; p= 1). In both cases the incident beam is polarized with the electric field parallel to the 
scattering plane. 
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3.3 A generalization of the Kerker's conditions 
3.3.1 The zero-forward scattering condition and the optical theorem 


In a recent research, Alt et al. (Alu & Engheta, 2011) stated that the zero-forward scattering 
condition (Eq. 22) is incongruent with the Optical Theorem. This relates the extinction 
efficiency (Q«)) and the scattering amplitude in the forward direction [S(0°)] as follows 
(Bohren & Huffman, 1983) 


Qu- Refs) (23) 


When the zero-forward scattering condition holds, S(0°)=0 and then Qex=0. This would imply 
that the particle would not scatter neither absorb electromagnetic radiation. However, in the 
examples shown in Figures 3 and 5, while the absorption is null because the optical 
constants are real, light scattering, and then the extinction efficiency, is non-zero at 
scattering angles other than 60°. 


A first attempt to solve this apparent paradox is found in (Chylek & Pinnick, 1979) where 
they conclude that the dipolar approximation used by Kerker and co-workers is a non- 
unitary approximation because Re(a,)2|a; |2, Re(bn)=| b; |? are not satisfied, and therefore the 
Optical Theorem cannot be applied. However, other more specific solutions to this paradox 
have been proposed recently. Alt et al (Alu & Engheta, 2011) established that, for a correct 
estimation of Qa: it is crucial to include the radiative correction (Draine & Flatau, 1994) into 
the two first Mie coefficients (a; and b1). From these considerations, energy conservation is 
warranted and, although the forward scattering is not zero, it is minimum with respect to 
other scattering angles. In addition, if the radiative correction is also included in the 
deduction of the zero-forward scattering condition (García-Cámara et al., 2011) a new 
condition can be found where both the Optical Theorem and the zero scattering at 0-0" 
hold. This condition follows the equation 


o Ua Vk) 


= 24 
z(244- 1) iVI^ (u-1) zd 


where V is the volume of the particle. 


3.3.2 Directional effects at scattering angles other than forward and backward 
directions 


Previous analysis on the distribution of the scattered intensity by a nanoparticle at both the 
forward and the backward direction can also be extended to other scattering angles. In a 
previous work (García-Cámara, 2010a), it is shown that by choosing a certain scattering 
angle different from 0° and 180°, there are pairs (c 4), which produce minimum scattered 
intensity within the scattering plane. 


In Figure 7, we plot the scattering diagrams of a nanoparticle (a = 0.014) illuminated by a TE 
polarized incident beam. The optical constants are such that the scattered intensity is 
minimum at representative angles like 30°, 60°, 120° and 150°. Each diagram shows a double- 
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lobe structure with the position of the minimum depending on the particular values of the 
relative electric permittivity (e) and the relative magnetic permeability (u). Therefore, a 
suitable tuning of the material optical constants serves to control the angular position of the 
minimum of the scattered intensity. 
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Fig. 7. Scattering diagrams of a spherical particle with a = 0.014 and relative optical constants 
in the negative-negative range (labeled in the figure) which produce a minimum scattering at 
certain scattering angles. The particle is illuminated with a linearly polarized incident plane 


wave with the electric field perpendicular to the scattering plane (TE polarization). 


4. Directional effects on light scattering by dielectric particles 


Previous analysis presented in this chapter about directional effects of light scattering have 
been done for nanoparticles with arbitrary values of both the relative electric permittivity (¢) 
and the relative magnetic permeability (4) which do not correspond to any real material. In 
general, conventional materials do not show any stimulus to the magnetic field of 
electromagnetic radiation in the visible or the near-infrared region of the electromagnetic 
spectrum. For this reason, previous analyses have been considered an entelechy, as V. 
Veselago did in his work to generate and enrich scientific knowledge (Veselago, 1968). Very 
recently and looking for real situations, it has been shown that submicrometer particles 
made of Silicon (Evlyukhin et al, 2010 ; García-Extarri et al., 2011) or Germanium (Gómez- 
Medina et al, 2011b) present both effective electric and magnetic responses, corresponding 
to the dipolar contributions characterized by their first-order Mie coefficients, in the near- 
infrared range. Either of them can be selected by changing the illumination wavelength. 


For this kind of nanoparticles, the spectral proximity of both dipolar electric and magnetic 
responses allows the appearance of coherent effects between dipolar modes. Consequently, 
under certain conditions, these scatterers are able to satisfy Kerker's conditions. Following 
the work made by Gómez-Medina et al. (Gómez-Medina et al, 2011b), in Figure 8, the 


www.intechopen.com 


298 Smart Nanoparticles Technology 


electric (a) and the magnetic (æm) polarizabilities of a Ge nanoparticle of radius a=240nm are 
plotted as a function of the wavelength (4) of the incident radiation. In the considered 
spectral range, Germanium has a refractive index which can be well approximated by a real 
constant m=4 (Palik, 1985). Also the spectral evolution of the extinction efficiency (Qex+) has 
been included in order to show the resonant behaviors that appear in a Ge nanoparticle. A 
dipolar electric (DE) mode arises at 47-1823 nm, while a dipolar magnetic (DM) resonance is 
located at A=2193 nm. The vertical lines point the wavelengths at which either the first 
(a Gm) or the second (Re(a@)=-Re(a@) and Im(a;)7 Im(a;)) Kerker's condition are fulfilled. 
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Fig. 8. Real and imaginary parts of the electric (œe) and the magnetic (a) polarizabilities for 
a Ge nanoparticle (a=240nm). The refractive index of Germanium, in the considered range, 
can be considered as real and constant, m2 4*0i. The wavelengths at which the first and 
second Kerker's conditions (A=2193nm and A-1823 nm, respectively) are satisfied, are 
identified with vertical lines. Also, for comparison purposes, the extinction efficiency is 
plotted identifying the dipolar electric (DE) and the dipolar magnetic (DM) resonances. 


The fact that a dielectric and non-magnetic particle (2^0 and 14-1) presents both dipolar 
electric and also dipolar magnetic modes is quite interesting and could be useful for 
potential applications. For instance, this kind of resonances has been currently used for 
several tasks in a wide range of fields, ranging from the design of nanodevices (Maier et al, 
2003; Anker et al., 2008) to biomedical treatments (Zemp, 2009). Unfortunately, they were 
observed only in metallic materials which present strong absorption losses. One of the 
advantages of dielectric materials, like Germanium or Silicon, is that they show negligible 
absorption in the considered range (Palik, 1985) and then losses are almost absent. 


The position and shape of the dipolar resonances shown in Fig. 8 for Ge particles (similarly 
for Si particles) produces interesting coherent effects between them and consequently a 
natural way of reproducing Kerker's conditions by means of real materials. In order to 
verify that these directional features show up, Figure 9 plots the scattering diagrams of a Ge 
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nanosphere (a=240nm) when the incident wavelengths are those marked by vertical lines in 
Figure 8. The zero-backward scattering condition is satisfied for A=1823 nm, and there is no 
scattered intensity in this direction (Figure 9a). However, the zero-forward scattering condition 
is strongly affected by size effects (Figure 9b). As was described in Section 3.2.1, the size of 
the particle prevents scattered intensity to be completely suppressed in the forward 
direction. However, its value is very small compared with those at other scattering angles 
and most part of the scattered intensity is located in the backward hemisphere (z«0«27). 
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Fig. 9. Scattering diagrams for a Ge nanoparticles (a=240nm) illuminated by a linear 
polarized plane wave. Both polarizations, with the incident electric field parallel (TM or P 
polarization) or normal (TE or S polarization) to the scattering plane are considered. The 
incident wavelength is labeled in the figure. From (Gómez-Medina et al., 2011b). 


Previous results for Germanium can also be extended to Silicon nanoparticles. These 
behaviors in Silicon could be even more interesting due to the wide range of applications of 
this material. Silicon is the base of microelectronics due to its semiconductor character and 
also to its abundance in Earth. For this reason, the industry of Silicon is very well developed. 
These new scattering features in the nanometric range could be the base for the 
development of new silicon applications as, for instance, optical nanocircuits. 


5. Optical forces 


Light carries energy and both linear and angular momenta that can be transferred to atoms, 
molecules and particles. Demonstration of levitation and trapping of micron-sized particles 
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by radiation pressure dates back to 1970 and the experiments reported by Ashkin and co- 
workers (Ashkin, 1970). Light forces on small particles are usually described as the sum of 
two terms: the dipole or gradient force and the radiation pressure or scattering force 
(Askhin et al., 1986; Neuman & Block, 2004; Novotny & Hecht, 2006; Chaumet & Nieto- 
Vesperinas 2000b; Gómez-Medina et al., 2001; Chaumet & Nieto-Vesperinas, 2002; Nieto- 
Vesperinas et al, 2004; Gomez-Medina & Saenz, 2004). There is an additional non- 
conservative curl force arising in a light field of non-uniform ellipticity that is proportional 
to the curl of the spin angular momentum of the light field (Albaladejo et al., 2009a; Nieto- 
Vesperinas et al., 2010). In analogy with electrostatics, small particles develop an electric 
(magnetic) dipole moment in response to the light electric (magnetic) field. The induced 
dipole is then drawn by field intensity gradients which compete with radiation pressure due 
to momentum transferred from the photons in the beam. By fashioning proper optical field 
gradients it is possible to trap and manipulate small dielectric particles with optical tweezers 
(Askhin et al, 1986; Neuman & Block, 2004) or create atomic arrays in optical lattices 
(Verkerk et al., 1992; Hemmerich & H'ansch, 1993). Intense optical fields can also induce 
significant forces between particles (Burns et al., 1989; Burns et al., 1990; Tartakova et al., 
2002; Chaumet & Nieto-Vesperinas, 2001; Gómez-Medina & Saénz, 2004). Some previous 
work focused on optical forces on macroscopic media, either with electric (Mansuripur, 
2004) or magnetic response (Kemp et al., 2005; Mansuripur, 2007), or particles with electric 
response (Kemp et al., 2006a). Radiation pressure forces on dielectric and magnetic particles 
under plane wave incidence have been computed for both small cylinders (Kemp et al., 
2006b) and spheres (Lakhtakia & Mulholland, 1993; Lakhtakia, 2008). The total force on an 
electric and magnetic dipolar particle has been shown (Chaumet & Rahmani, 2009; Nieto- 
Vesperinas et al., 2010; Nieto-Vesperinas et al., 2011; Gómez-Medina et al., 2011a; Gómez- 
Medina et al., 2011b) to have a similarity with that previously obtained for electric dipoles. 
Moreover, in the presence of both electric and magnetic responses, the force presents an 
additional term proportional to the cross product of the electric and magnetic dipoles 
(Chaumet & Rahmani, 2009; Nieto-Vesperinas et al., 2010; Nieto-Vesperinas et al., 2011; 
Gómez-Medina et al., 2011a; Gómez-Medina et al., 2011b). The relevance and physical origin 
of this electric-magnetic dipolar interaction term for a single particle has been recently 
discussed (Nieto-Vesperinas et al., 2010; Nieto-Vesperinas et al., 2011; Gómez-Medina et al., 
2011a; Gómez-Medina et al., 2011b) 


5.1 Force on a small particle with electric and magnetic response to an 
electromagnetic wave 


We consider a dipolar particle embedded in a non-dissipative medium with relative 
dielectric permittivity ¢ and magnetic permeability 4, subjected to an incident 
electromagnetic field whose electric and magnetic vectors are E® and B®, respectively. The 
total time-averaged electromagnetic force acting on the particle is (Chaumet & Nieto- 
Vesperinas, 2000; Jackson, 1998; Nieto-Vesperinas et al., 2010): 


1 * = * 1 E = 
e- Loe] ote se +u (B-s)B ~5 (el, +u 1 |B| sas (25) 


where stands for real part, dS denotes the element of any surface S that encloses the 
particle. 
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The fields in Eq. (25) are total fields, namely the sum of the incident and scattered (re- 
radiated) fields: EÓ*E(, BO+B, s is its local outward unit normal. A time dependence eC 
iv) js assumed throughout. For a small particle, within the range of validity of the dipolar 
approximation, the scattered field corresponds to that radiated by the induced electric and 
magnetic dipole moments, p and m, respectively. In this case, Eq. (25) leads to the 
expression 


i) En lnvee"] [vent 2 (nsn) (26) 


Equation (26) represents the generalization of the result of (Chaumet & Rahmani, 2009) for 
the time-averaged force on a particle immersed in an arbitrary medium with refractive 
index: m- zu . The wavenumber is k = mayc, œ being the frequency. The symbol 
& represents the dyadic product so that the matrix operation: W(V GV) has elements 
W;O V; for i, j = 1, 23. All variables in Eq. (26) are evaluated at a point r = ro in the particle. 
The first term of Eq. (26) is the force < F, > exerted by the incident field on the induced 
electric dipole, the second and third terms < F,, > and < Fem > are the force on the induced 
magnetic dipole and the force due to the interaction between both dipoles (Chaumet & 
Rahmani, 2009; Nieto-Vesperinas et al., 2010). 


5.2 Optical theorem and forces on an electric and magnetic dipolar particle 


The question of energy conservation has been recurrently addressed and debated as regards 
small particles (Chylek & Pinnick, 1979; Lock et al., 1995), especially in connection with 
magnetic particles that produce zero-forward scattering intensity (Alu & Engheta, 2011; 
Nieto-Vesperinas et al., 2011; García-Cámara et al., 2011; Gómez-Medina et al., 2011b). It is 
thus relevant to explore the formal analogy between the force as momentum "absorption" 
rate and the optical theorem expressing the conservation of electromagnetic energy. From 
the Poynting's theorem (Bohren & Huffman, 1983; Jackson, 1998), the rate -W(? at which 
energy is being absorbed by the particle is given by 


-w = (ftsy - (s sas Q7) 
IOA 
. =a f &(E-s)E + 47 (B-s)B" - (eE +a Bl jas | v5) 


By introducing the incident field as a decomposition of plane wave components and taking 
the sphere S in Eq. (27) so large that k|r-ro| — oo, and using Jones’ lemma based on the 
principle of the stationary phase, (see Appendix XII of Bohren & Huffman, 1983), and the 
source-free condition, we get the optical theorem for an arbitrary field (Nieto-Vesperinas et 
al., 2010): 


whe -23l p E" (ro ) -2af m. B) (ro ) 2K (et pl «uim (29) 
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The first two terms of Eq. (29), coming from the interference between the incident and 
radiated fields, are the energy analogue of the electric and magnetic dipolar forces given by 
first two terms in Eq. (26). 


The third and fourth terms of Eq. (29) that come from the integral of the third and fourth 
terms of Eq. (28), now yield the rate Ws) at which the energy is being scattered, which 
together with the left hand side of this equation contributes to the rate of energy extinction 
by the particle WO+W¢69): 


w wt) -2sl p.E^" (n) «3l mB” ()] (30) 


Analogously as with the rate of scattered energy, the electric-magnetic dipolar interaction 
term of the force (third term of Eq. (26)) corresponds to the rate at which momentum is 
being scattered by the particle. We shall explore in some detail this analogy in order to 
illustrate the physical origin of < Fem >. We notice that the power density of the scattered 
field can be written as the sum of two terms (Nieto-Vesperinas et al., 2010) 


(s^ Jas a." pi (= IpxsP eulms[ sao 
8zm 


C 14 fH iau 
+——k [enl p)m |saQ. (81) 


4zm 


where the second term of Eq. (31) corresponds to the interference between the electric and 
magnetic dipolar fields. After integration over the closed surface S, that second term does 
not contribute to the radiated power, while it is the only contribution to the electric- 
magnetic dipolar interaction term of the force in Eq. (26). Namely, < Fem > comes from the 
interference between the fields radiated by p and m. 


5.3 Forces on an electric and magnetic dipolar particle for plane wave incidence 


In order to illustrate the relevance of the different terms in the optical forces, we shall next 
consider the force from a plane wave E = ee", BO = be" with el = (po x So} /m 
on a small dielectric and magnetic spherical particle characterized by its electric and 
magnetic polarizabilities a and am. When the induced dipole moments are expressed in 
terms of the incident field, i.e. 


p- ael’; m= o, b. (32) 


For plane wave incidence, the total force is given by (Nieto-Vesperinas et al., 2010): 


-s3| p.e" +m-bl"| (sas (33) 
S 
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=Sp Fae} +a) nf] ; (34) 


412 
where Fy = ele /2. The first two terms, < F, > and < EF, >, correspond to the forces on to 


the sum of radiation pressures for a pure electric and a pure magnetic dipole, respectively. 
The third term, < Fen >, is the time-averaged scattered momentum rate, and we shall see 
below that it also contributes to radiation pressure (Nieto-Vesperinas et al., 2010; Gómez- 
Medina et al., 2011a) and it is related to the asymmetry in the scattered intensity distribution 
(Nieto-Vesperinas et al., 2011; Gómez-Medina et al., 2011b). 
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Fig. 10. Different contributions to the total radiation pressure versus the wavelength, for the 
Ge particle of Figs. 8-9. Normalization is done by Fy = € le] /2 . The vertical lines mark the 
first and second generalized Kerker's conditions. Notice that when the first generalized 
Kerker's condition is fulfilled, i.e., R{a,}=R{a_} and S{a,}=S{a,}, 

(F) - (E,.) - (Fn) =—(Fem) . From (Gómez-Medina et al. 2011b). 


5.4 The generalized Kerker's conditions on optical forces 


From Eqs. (6) and (34), one derives for the radiation pressure force (Nieto-Vesperinas et al., 2011): 


idis cub Aa 
(F)-s ac | ne )+3— (180 His. (85) 


Equation (35) emphasizes the dominant role of the backward scattering on radiation 
pressure forces. 
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At the first generalized Kerker's condition, the interference term of Eqs. (34-35) cancels out 
the magnetic contribution and we obtain < F> = < F, >. At the second generalized Kerker's 
condition, where the backscattering is enhanced, « F > = 3« F, >. Notice that at both 
generalized Kerker's conditions the scattering cross section is exactly the same; however, the 
radiation pressures differ by a factor of 3. These properties are illustrated in Figure 10, 
where we show the different contributions to the total time averaged force on a 
submicrometer Ge particle. 


The strong peak in the radiation pressure force is mainly dominated by the first "magnetic" 
Mie resonance. This is striking and in contrast with all previous beliefs about optical forces 
on dipolar dielectric particles, that assumed that these forces would solely be described by 
the electric polarizability. It is also common to assume that for dielectric particles the real 
part of the polarizability is much larger than its imaginary part. As a matter of fact, this is 
behind the development of optical tweezers, in which gradient forces (that are proportional 
to 91(2,) ), dominate over the radiation pressure or scattering force contribution (which is 
proportional to 3(a,)) (Volpe et al., 2006). However, as the size of the particle increases, and 
for any dielectric particle, there is a crossover from electric to magnetic response as we 
approach the first Mie resonance, the point at which the response is absolutely dominated 
by the magnetic dipole. Moreover, just at the resonance, and in absence of absorption, 
3i(2,,)20and I(a,,)=3/( u2k?) . Then, the r diation pressure contribution of the magnetic 
term dominates the total force (F) = (Fn) ~ (ef / jr / 2k | . Namely, in resonance the 
radiation pressure force presents a strong peak, the maximum force being independent of 


both material parameters and particle radius. 


6. Conclusion 


In this chapter we have analyzed the main aspects of one of the most interesting phenomena 
of light scattering by nanoparticles: the possibility to control its angular distribution 
(directionality). As it has been shown, a general magneto-dielectric particle, with suitable 
values of its relative optical constants (e, 4), could present directional effects resulting from a 
coherent effect between real and imaginary parts of both electric and magnetic 
polarizabilities. The control of this effect could improve the characteristics of many current 
applications which employ nanoparticles. Also, it can be the base of new potential 
applications related with light guidance in low dimensions, as for instance, intra- or inter- 
chip optical communications (García-Cámara; 2011b). In addition, we showed that these 
scattering effects also affect the radiation pressure on these small particles. Thus, the “non- 
usual" scattering properties discussed before will strongly affect the dynamics of particle 
confinement in optical traps and vortex lattices (Albaladejo et al., 2009b; Gómez-Medina et 
al., 2011a; Albaladejo et al., 2011) governed by both gradient and curl forces. 


Finally, we have showed that small dielectric particles made of non magnetic materials 
present scattering properties similar to those previously reported for hypothetical magneto- 
dielectric particles. In particular, it has been shown that submicrometer Germanium 
particles present these directional phenomena in light scattering in the near-infrared range. 
These studies could serve as a stimulus for new experiments which implement these non- 
conventional phenomena. 
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